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CALCULATING THE SURFACE ENERGY OF METALS 
WITH A BODY-CENTERED LATTICE 

Yu. S. Avraamov and A. G. Gvozdev 

ABSTRACT. 
0 and temperature coefficient of surface energy do/dT in 
metals with a body-centered lattice for surfaces (100) (110) 
allowing for the effect of bonds with the second coordination 
sphere. 

The values are calculated for the surface energies 

In [l], the value of the surface energy IS in transformer steel for 
various crystallographic planes was measured using the method of "zero" creep. 
For the (110) plane in a helium atmosphere, IS = 1400 erg/cm2. However, the 
absence in the literature of data on the surface energy of transformer steel 
makes it difficult to critically evaluate experimental results. Because of 
this, it is of interest to compare the experimental value of surface energy 
for transformer steel with the theoretical calculations. 

Presently, the theory of the surface energy of metals has not as yet made 
it possible to calculate the value of the surface energy with a satisfactory 
degree of accuracy. 
empirical formulas, which relate the surface energy to the metal's physical 
properties (sublimation heat, electron% work function, etc. 

Therefore, in calculations we use empirical and semi- 

The relationship between the surface energy and the sublimation heat may 
be established by working from the following simple considerations. 
the sublimation h e a t Q  
atoms in the metal [2] .' If we consider the surface energy of the material 
as necessary for the transfer of atoms from the crystal body to its swface, 
i.e. as the energy of the ruptured atomic bonds located on the swface,  we 

2 

At O'K, 
characterizes the strength of the bonds between the 

Q0 1 (1) may write 1 
00 = - t2 A R - , 

.- 
where k is the coordination number of atoms within the metal, Ak is the number 
of ruptured bonds in the atom on the surface; n is the number of atoms per unit 
surface; CJ is the value of the surface energy ( O ' K ) .  The value Qo/k charac- 
terizes the energy for a single atomic bond. The number of atoms per unit sur- 
face equals n = ks/S, where ks is the number of atoms entering the elementary 
plane cell; S is the number of cells. 

0 

The volume of the elementary cell may be expressed in the following manner: 
- 

where k,, is the number of atoms entering the volumetric elementary cell, A is the 
atomic weight; P is density and N is the Avogadro number. On the other hand, 
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- 
for a simple cubic lattice V = a3 and S = a2 where a is the lattice period. 

/406 - Using expression ( Z ) ,  for value S per single mole we obtain 0 
(3)  Akv ' Ia  s -- A's =z f h i J ' l '  (-T) , 

where fhkl is the packing factor chara-cterizing the density of atoms in the plane 
under consideration. Then the number of atoms per unit oT surface. 

Substituting the value n from equation(4)into equation (l),we obtain 

Expression(5)permits us to calculate the value of the surface energy of the 
metal for various crystallographic planes at 0°K. 
face energy calculated according to equation(5)with experimental values, we 
must know the temperature coefficient for the surface energy da/dT. 
S. N. Zadumkin 121 proposed a formula permitting us LO calculate the values 
for the 

In order t o  compare the sur- 

- - 

(6) 
d a  A k  - =-3RTlna2-n .  
dT k 

using the given expression, we obtain an 
energy of the metal at any temperature. 

equation for calculating the surface 

We calculated the value for the surface energy of pure iron for the planes 
(110) (100) in accordance with equation(5). Because the relationship between the 
surface energies and the sublimation heat is valid for T = O'K, we must convert 
the experimental values of the sublimation heat. Rabinowitsch E., and Thilo E .  
1131 

. conducted such a conversion for several metals, using the equation 

Qo = Qr t 3 4 T ,  ( 8 )  

where Qo is the sublimation heat for O"K, QT is the sublimation heat for T"K 
and R is the gas constant. 

According to the data from [4] , f o r  a-iron Q = 92.5 kcal/mole 
and Qm a= 3.65 kcal/mole. Using the values Q and Q, , from formula(8) we 

12 a1 
obtain the value Q = 4 . 5  -10 erg/mole for iron. 

a1 

0 

In calculating the total amount of ruptured bonds, the effect of distant 
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neighbors was noted.  I n  a metal  with a body-centered l a t t i c e , e a c h  atom forms 
e igh t  bonds wi th  i t s  n e a r e s t  neighbors at  a d i s t a n c e  rl = am and 6 weaker 
bonds with atoms of  t h e  second coordinat ion sphere loca t ed  a t  a d i s t a n c e  
r = a .  F o r  a body-centered cubic  l a t t i c e ,  t h e  r a t i o  r /r = 1.15; t hen  f o r  
a face-centered  s imple cubic  and hexagonal close-packed l a t t i ce ,  r2/rl = 1.41. 

2 2 1  

Whence we may expect t h a t  t h e  e f f ec t  o f  a neighbor from t h e  second co- 
o rd ina t ion  sphere w i l l  be  f e l t  more s t rong ly  i n  metal with body-centered cubic  
la t t ices .  
face energy. 

This  must be taken  i n t o  account i n  c a l c u l a t i n g  t h e  va lue  of t h e  s u r -  /407 - 

According t o  [ S I ,  t h e  forces of t h e  bonds between atoms decrease  
i n v e r s e l y  p r o p o r t i o n a l l y  t o  t h e  d i s t a n c e  i n  t h e  seventh power, i . e .  l /r7. 
Taking t h e  energy of t h e  c l o s e s t  atom bond as t h e  d i s t a n c e  r 
t a i n  t h e  bond energy f o r  t h e  second coord ina t ion  sphere  ~2 = 0,377 E .  

t o t a l  bond energy f o r  t h e  atom with i t s  c l o s e s t  neighbor wi th in  t h e  meta l  
0 equals  8~ 

c l  = E ,  w e  ob- 

The 

1 0 . , 0 2 ~ .  + 6~~ = Then t h e  energy f o r  t h e  s i n g l e  bond i s  E = Q /10.02. 
1 

Allowing f o r  t h e  effect  of a neighbor from t h e  second coord ina t ion  sphere  
we c a l c u l a t e d  t h e  s u r f a c e  energy (See Table 1) according t o  equat ion  (5)for 
a - i ron  f o r  t h e  p l a n e s ( l l 0 )  (100). S u b s t i t u t i n g  t h e  va lues  A = 55.85, N = 6.023 
6.023 ' - l o z 3  atom/mole and p = 7.87 G/cm2 i n t o  equat ion (5 ) ,  f o r  t h e  p l ane  (110) 
a t  O ° K  we o b t a i n  uaSFe = 1770 erg/cm2 and f o r  t h e  (100) p lane  we ob ta in  

U = 1980 erg/cm2. a'Ee 
- The r a t i o  between t h e  su r face  energ ies  u f o r  t h e s e  p lanes  u /a  io) ( i o 0 3  
- 

1 : 1 . 1 2 ,  i . e .  t h e  u f o r  t h e  (100) p lane  i s  approximately 10% g r e a t e r  t han  0 ,  f o r  
t h e  (110) p lane .  I f ,  however, i n  c a l c u l a t i n g  . f o r  metals having a body- 
cer, tered cubic  l a t t i c e  we do not  t ake  i n t o  account t h e  :ffect of t h e  atoms 

= 30%. Such from t h e  second coord ina t ion  sphere ,  t h e  r a t i o  u 
a d i f f w e n c e  i n  t h e  va lue  of t h e  su r face  ene rg ie s  was c a l c u l a t e d  by Skapski 
[61 , who d i d  no t  take i n t o  account t he  e f f e c t  of d i s t a n t  neighbors and 
t h e r e f o r e  obta ined  inaccura t e  va lues  f o r  t h e  (5 of a - i ron ;  f o r  t h e  (110) p l ane  
he obta ined  5 = 1104 erg/cm2 and f o r  t h e  (100) p l ane  h e  obtained (5 = 1602 
erg/cm2. 

(1 1 O P  (1 0 0) 

T A B L E  1 .  CALCULATING THE SURFACE ENERGY OF a - I R O N  ACCORDING TO FORMULA (5 )  * 
T r y s t a l l o -  
+ g r a p h i c  7 k, *;" 
Plane 

Note. (Ruptured) bonds a t  t h e  d i s t a n c e  r1 i s  dkl 
and a t  t h e  d i s t a n c e  r2 Ak2 

* T r a n s l a t o r ' s  no te  -- Commas i n d i c a t e  decimal p o i n t s .  
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To compare t h e  va lue  f o r  t h e  surface energy of an a - i r o n  i n  p l ane  (110) 
ca l cu la t ed  according t o  equat ion (5) w i t h  t h e  experimental  va lues  f o r  t r a n s -  
former s teel  from [ 1 I , we must note  t h e  temperature  c o e f f i c i e n t  of t h e  
su r face  energy do/dT . for  t h e  (110) plane and t h e  s u r f a c e  a c t i v i t y  of t h e  s i l i c o n  
i n  t h i s  s t e e l .  

The temperature  c o e f f i c i e n t  f o r  t h e  s u r f a c e  energy of t h e  "- i ron i n  t h e  
(110) p lane  c a l c u l a t e d  i n  accordance with formula (6) and with allowance made 
f o r  t h e  effect  of neighbors  from t h e  second coord ina t ion  sphere = -0.138 erg /  
cm2 deg. 
taken i n  [ 1 1 , w e  o b t a i n  t h e  value cs = 1540 erg/cm2. 

Works [7]and [ 8 ]  s t u d i e d  t h e  e f f e c t  o f  s i l i c o n  on t h e  su r face  energy of i r o n  
and it was found t h a t  1% s i l i c o n  lowers t h e  va lue  of  0 by 10-15 erg/cm2. 
sequent ly ,  t h e  3% s i l i c o n  i n  t ransformer s tee l  w i l l  lower t h e  va lue  of t h e  
s u r f a c e  energy by approximately 40 erg/cm2. Thus, f o r  Fe - 3% Si  a l l o y s ,  
t h e  c a l c u l a t e d  va lue  of t h e  su r face  energy f o r  t h e  (110) p lane  a t  138OoC 
equals  approximately 1500 erg/cm2. According t o  [ I ] ,  t h e  experimental  
va lue  f o r  t h e  s u r f a c e  energy of  t ransformer s teel  i n  t h e  (1101 p lane  equals  
1400 erg/cm2. If  we a l s o  t a k e  i n t o  account t h a t  t h e  r e s u l t  f o r  t h e  measure- 
ment f o r  IS might be a f f e c t e d  by admixtures as well as s i l i c o n s  ( t h e  t o t a l  of /408 
admixtures equals  0 .2  w t %  [ l ] ) ,  t h e  correspondence between experimental  
va lue  of  IS = 1400 erg/cm2 f o r  t h e  (110) p l ane  
IS = 1500 erg/cm2 must be recognized as good. 

Then f o r  a temperature  of 138OoC, a t  which t h e  measurements were 

( 1 1 0 )  

Con- 

- 
with  t h e  c a l c u l a t e d  va lue  

Taking i n t o  account equat ions  (5)to (7) t h e  s u r f a c e  energy and t h e  tempera- 
t u r e  c o e f f i c i e n t  of  t h e  s u r f a c e  energy were c a l c u l a t e d  f o r  p lanes  (110) ( l o o ) ,  
f o r  metals with a body-centered ,  cub ic  l a t t i c e  (Table 2 ) .  
we a l s o  took i n t o  account t h e  effect o f  neighbors  from t h e  second coord ina t ion  
sphere .  
cen te red  cub ic  l a t t i c  and t h e  experimental  d a t a  corresponded well .  

TABLE 2.  CALCULATED AND EXPERIMENTAL VALUES OF SURFACE ENERGY AND do/dT FOR 

I n  doing s o ,  

The c a l c u l a t e d  va lues  f o r  t h e  su r face  energy of metals with a body- 

METALS WITH BODY-CENTERED CUBIC'  LATTICES 

Metal 

-- 
.Li 
Na 
K. 

Nb 
&Ti 
a: TV 
k0 

iP V 
a-Cr 
a-Fe 
R b  cs 

)o. 10 ' 3  

rg/mo 

I .58 
1.26 
2,os 
4,% 
4,53 
8, '!4 
6 , r 5  
4,44 
3 , 9 e  
4,50 
O,f55 
0,788 

A 
? 

7 . .  I 

I- 

6,91 
23,OO 
39,lO 
92,91 
47 ,c0 

183,92 
93,% 
50.C5 
52.01 
55,83 
85,48 

132.91 
w 

;':Ave'rage experimental  

4E 5 
2:9 
066 

1559 
11;o 
3030 
2 3 3  
tq60 
. l IOO 
1950 
95.4 
77.0 

414 -0,104 

215 -0,0!5 
1350 -0,117 

27:!L -0,I 
2100 -0,129 
156.5 -0,140 
1515 -0,153 
I i i O  -0,155 
85.0 -0,033 
68,5 -0,034 

222 -0,070 

1333 -0.1% 

(110) IT,% 
- __ - - *  

-0.032 I 459 
-0,052 370 
- O , O ! O  333 
-0,105 :<G3 
-0,103 1933 
-8,114 3C53 
-0,115 2903 
-0,124 1993 
-0,126 ISEO 
-0,133 1843 
-0,035 313 
4 , 0 3 0  361 

i r i son  of  cal-  
led , 
I 1  v< 
5- ca 1 
3 g L  

417 
223 
,250 
1320 
1270 
%-',Cj? 
1920 
1480 
1410 
1630 
87,2 
66.5 

a lues  f o r  s u r f a c e  e n e r g y  taken 

id ex e r i -  
L g e a o r .  c 

,2 
IS e q ,  

erg/cm 

400-430 
190-290 
1CO--400 

1100 
1325 
26?0 
2240 
1710 
4590 
1720 
77,5 

55 . 

rorn [41 .  
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. . .  
In deducing equation (7), it was assumed that the energy of the relation- 

ship between neighboring atoms and the electron concentration within the 
crystal and on the crystal surface were identical, which does not correspond 
with what actually exists. 

In spite of a few assumptions made in deriving equation (7), it offers 
us a fair degree of accuracy in calculating the surface energy of metals for 
various crystallographic planes at any temperature. 

REFERENCES 

1. Avraamov, Yu. S., A. G. Gvozkev and B. G. Livshits 
Fizika Metallov i Metallovedeniye (FMM), Vol. 21, No. 136, 1966 

2. Zadumkin, S. N. Doklady Akademii Nauk SSSR (DAN), Vol. 101, No. 507j1955 
3. Rabinowitsch E., Thilo E. Zs. Phys. Chem., 1930, 6, 284 
4. Chemistry Handbook (Spravochnik khimii), Vol 1, Moscow-Leningrad, 

5. Frenkel', Ya. I. The Electrical Theory of Solid Bodies (Elektricheskaya 
Gostekhteorizdat Press, 1962. 

teoriya tverdykh tel). Chapter 13, A Leningrad-Moscow, Gostekhteorizdat, 
1924, 195. 

6. Skapski A. S. Acta met., 1956, 4, 576. 
7. Kasakevitsch S., Chatel S . ,  Urbein G., Sage M Rev. met., 1955, 52, 2, 139 
8. Tsarevskiy, B. V. and S. I. Popel'. Surface Phenomena in Metals and Alloys 

and Their Role in the Processes of Powder Metallurgy (Poverkhnostnyye 
yavleniya v metallakhisplavakh i ikh rol' v protsessakh peroshkovoy 
metallurgii), Kiev, UkSSR Academy of Sciences Press, 1961. 

Translated for the National Aeronautics and Space Administration under Contract 
No. NASw-1695 by Techtran Corporation, PO Box 729, Glen Burnie, Md. 21061 

5 


